Understanding the interplay between black-hole accretion and star formation, and how to disentangle the two, is crucial to our understanding of galaxy formation and evolution. To investigate, we use a combination of optical and near-infrared photometry to select a sample of 74 quasars from the VISTA Deep Extragalactic Observations (VIDEO) Survey, over 1 deg 2 . The depth of VIDEO allows us to study very low accretion rates and/or lower-mass black holes, and 26 per cent of the candidate quasar sample has been spectroscopically confirmed. We use a radio-stacking technique to sample below the nominal flux-density threshold using data from the Very Large Array at 1.4 GHz and find, in agreement with other work, that a power-law fit to the quasar-related radio source counts is inadequate at low flux density. By comparing with a control sample of galaxies (where we match in terms of stellar mass), and by estimating the star formation rate, we suggest that this radio emission is predominantly caused by accretion activity rather than star-formation activity.
INTRODUCTION
A galaxy is described as having an active galactic nucleus (AGN) when there is material accreting onto a supermassive black hole at the centre. Extremely luminous, unobscured AGN appear point-like at high redshifts, and so are called quasi-stellar objects (QSOs) or 'quasars'. Some of these may be dust-reddened, for which there are two popular explanations: The orientation argument is that the dusty nuclear torus surrounding the accretion disc provides a large amount of extinction along certain lines of sight to the quasar (see Antonucci 1993 for a review). On the 'evolution side', the quasar begins life highly-obscured, following a galaxy merger and associated starburst, but then gradually expels its dusty envelope (Sanders et al. 1988; Hopkins et al. 2008) .
Such scenarios are difficult to decouple from other processes associated with either positive or negative feed-⋆ sarah.white@astro.ox.ac.uk back, where the star formation in the host galaxy can either be stimulated (Silk & Mamon 2012) or truncated (Croton et al. 2006) . Along with the peak at z ∼ 1 − 2 for both accretion (e.g. Wolf et al. 2003; Ueda et al. 2003 ) and star-formation (e.g. Madau et al. 1996; Hopkins & Beacom 2006) activity, this is thought to explain, for example, why black-hole mass is correlated with the bulge mass (Ferrarese & Merritt 2000; Gebhardt et al. 2000; Gültekin et al. 2009) . Much work over the past decade has revolved around understanding such feedback mechanisms, with semi-analytic models being developed to understand the observations (e.g. Benson et al. 2003; Bower et al. 2006 ) and help inform high resolution simulations (e.g. Dubois et al. 2011; Li & Bryan 2014) . However, debate continues over which processes cause negative or positive feedback. Arguing for the former, a radio jet may expel material from a galaxy, cutting off the fuel that would accrete onto the central supermassive black hole or collapse to form stars (Morganti et al. 2013; Combes et al. 2013) . In addi-tion, jets may prevent star formation via heating of the galaxy halo and interstellar medium (Croston et al. 2007; Best 2007) . On the other hand, the jet could cause a molecular cloud to collapse, within which stars begin to form (e.g. Silk 2013 ). An excellent example of this is Minkowski's Object (Croft et al. 2006) , and statistical evidence of positive feedback in high-redshift quasars comes from Kalfountzou et al. (2012; . For most objects the explanation is likely to be a combination of scenarios.
Galaxies that have ongoing star formation, or actively accreting black holes, will contain electrons that are accelerated in magnetic fields. This leads to radio emission being produced via synchrotron radiation (Kellermann & Owen 1988; Condon 1992) , providing the means to measure both star formation and AGN activity at ∼GHz frequencies. However, for objects without obvious jets, separating star formation and accretion components is difficult at radio wavelengths. Therefore, multi-wavelength data is often used to help disentangle these two processes.
Radio emission from AGN
Although quasars were discovered using radio observations, only ∼ 10 per cent have significant radio emission (Hooper et al. 1996) . The remaining radio-quiet quasars (RQQs), that do not show strong jets, need to be better-studied at radio wavelengths in order to investigate their contribution to the overall radio sources counts (e.g. Jarvis & Rawlings 2004; Simpson et al. 2006; Padovani et al. 2014 ) and the underlying physical processes that may provide a different source of relativistic electrons (e.g. Fernandes et al. 2011; Condon et al. 2012) .
The terms 'radio-quiet' and 'radio-loud' arise from the dichotomy inititally thought to exist in the AGN population (Peacock et al. 1986; Xu et al. 1999) . However there are different definitions for radio loudness, historically this being a straight-forward boundary of 10 25 W Hz −1 at radio frequency 8.4 GHz (Miller et al. 1990 ). More common, and perhaps more physically meaningful, is the ratio between radio luminosity and optical luminosity (Kellermann et al. 1989 ). However, the distinction remains an arbitrary concept as a bimodality in radio loudness has not yet been convincingly proven (e.g. Cirasuolo et al. 2003; Baloković et al. 2012) .
Whilst Ivezić et al. (2004) argue that the bimodality in the radio-to-optical luminosity ratio is genuine, others suggest it is a result of selection effects, with objects actually found across the full range of radio powers (Lacy et al. 2001) . There is also uncertainty surrounding the exact physical mechanism that turns energy from accreted material into well-collimated jets, and why some systems show no jets at all. Lin et al. (2010) find that different radio morphologies are more dependent on the accretion rate than the galaxy's structure, with highlyextended, lobe-dominated radio galaxies having higher accretion rates than their less-extended counterparts. Furthermore, the work of Fernandes et al. (2011) indicates that there is a minimum accretion rate for a given radio power, suggesting that there is a maximum efficiency with which the black hole is able to produce jets from infalling material. Meanwhile, the influence of the spin of the black hole is still an open question, with theoretical and observational studies both suggesting that it may play a role (e.g. Blandford & Znajek 1977; Wilson & Colbert 1995; McLure & Jarvis 2004; Volonteri et al. 2007; King et al. 2008; Fernandes et al. 2011; van Velzen & Falcke 2013) .
Studies of the radio source populations as a function of radio flux density suggest that as we probe fainter radio sources, the population changes from being AGNdominated (FRIs, FRIIs) to being dominated by starforming galaxies (Hopkins et al. 2003; Wilman et al. 2008; Condon et al. 2012) . However, there are obviously cases in which AGN are hosted in galaxies with ongoing star formation (e.g. Canalizo & Stockton 2001; Netzer et al. 2007; Silverman et al. 2009 ). This is investigated further by Kimball et al. (2011) and Condon et al. (2013) , who study the radio emission from samples of optically-selected quasars, leading them to propose that the radio emission from these quasars is due to star formation within the host galaxy, rather than from the AGN. Complementary studies at other wavelengths also suggest that there is at least some ongoing star formation in quasar host galaxies. Using farinfrared observations from Herschel, Bonfield et al. (2011) find a modest correlation between accretion luminosity and star formation, and Rosario et al. (2013) show that the mean star formation rate (SFR) of quasar hosts is consistent with typical massive star-forming galaxies.
On the other hand, Zakamska & Greene (2014) use emission-line kinematics, from quasars and their host galaxies, to show that star formation in quasar hosts is insufficient to explain the observed radio emission. Instead they find the synchrotron emission to be radiated from the shock fronts of quasar-driven outflows. Also, Simpson et al. (2006) cite radio-quiet AGN as responsible for the changing number counts, with their contribution towards the faint (100 S1.4 GHz < 300 µJy) radio source population thought to be at least 20 per cent. However no distinction is made with respect to the source of the radio emission in these objects.
Paper outline
In this paper we extend the previous studies of Kimball et al. (2011) and Condon et al. (2013) , who use photometry and spectroscopy from the relatively shallow Sloan Digital Sky Survey (SDSS; York et al. 2000) . We investigate the radio properties of radio-quiet quasars, selected from much deeper and narrower optical and near-infrared surveys, to determine whether there is evidence for star formation in the quasar hosts, as a function of redshift and absolute i-band magnitude. Section 2 describes the data used, and Section 3 explains how the sample is selected. Details of the spectroscopy, used to confirm the quasars, are given in Section 4. We then use a template quasar spectrum to derive photometric redshifts and absolute i-band magnitudes, as described in Section 5. In Section 6 we analyse the radio emission from the quasar sample, both by stacking and by adopt- ing a parametric description of the radio source counts for the quasars, and discuss the origin of the emission in radioquiet quasars. Our conclusions are outlined in Section 7. AB magnitudes are used throughout this paper (see Table A1 for conversions to Vega), and we use a ΛCDM cosmology, with H0 = 70 km s −1 Mpc −1 , Ωm = 0.3, ΩΛ = 0.7.
DATA
Our aim is to study the radio properties of a sample of quasars, with zero contamination from inactive galaxies, as a function of luminosity and redshift. (Hereafter we describe such a sample as being 'clean'.) For this we require multiwavelength observations for the initial selection and for determining photometric redshifts. We also use follow-up spectroscopy of a subsample of our quasars, as a check on the selection to low fluxes and photometric redshift accuracy. These data are described below, and a summary of the imaging data used in this paper is provided in Table 1 .
Near-infrared: VIDEO
Our primary selection relies on near-infrared photometry and we use the 5-band near-infrared ZYJHKS data from the VISTA Deep Extragalactic Observations (VIDEO) Survey (Jarvis et al. 2013) , over the XMM3 tile, which spans 1.5 deg 2 in area. The VIDEO imaging has a typical seeing of <0.9 arcsec, and a 2 arcsec diameter aperture was used for the measurements.
Optical: CFHTLS and VVDS
The Canada-France-Hawaii Telescope Legacy Survey (CFHTLS) provides photometry in ugriz over 1 deg 2 of the VIDEO-XMM3 field (Gwyn 2012 ). This deep field (labelled 'D1') is centred at RA(J2000) = 02:25:59, DEC(J2000) = -04:29:40, and again we use a 2 arcsec aperture for the photometry. Note that the MegaCam filters used are not identical to those of SDSS, and that the i filter needed to be replaced partway through the survey. The band referred to in Table 1 Fèvre et al. 2013) . We use data from the VVDS-02h field, which overlaps with the VIDEO-XMM3 and CFHTLS-D1 field over an area of 0.61 deg 2 .
Radio: VLA
To investigate the level of radio emission in the quasars we use radio data, at 1.4 GHz, from the VLA-VIRMOS Deep Field (Bondi et al. 2003) . The area covered is 1 deg 2 , centred at RA(J2000) = 02:26:00, DEC(J2000) = -04:30:00, again completely contained within with VIDEO-XMM3 field. The average rms noise of the radio map is 17.5 µJy and the restoring beam is a 6 × 6 arcsec Gaussian. Bondi et al. (2003) create a catalogue of all radio components with peak flux SP > 60 µJy (∼ 3.5σ), resulting in 1054 radio sources, with 19 thought to be multi-component. These data have previously been cross-matched with the VIDEO survey data by McAlpine et al. (2012) .
Mid-infrared: SWIRE
To check our quasar selection method, we use Spitzer/IRAC imaging from the SWIRE survey that completely overlaps with the VIDEO-XMM3 field. This allows dust, associated with star-forming regions and AGN, to be traced out to z ∼ 3 (Lonsdale et al. 2003) . For the IRAC data we follow the recommendation to use 'aperture 2', which gives the flux (in µJy) as measured with an aperture radius of 1.9 arcsec.
QUASAR SELECTION
Many studies have used multi-colour photometry to define clean samples of quasars, free from contamination by stars and galaxies. Mortlock et al. (2012) used optical and nearinfrared data, whilst Richards et al. (2006) used optical and mid-infrared data. In this paper we use a combination of optical and near-infrared for our selection, to fainter magnitudes than previous work, and check the robustness of our selection using mid-infrared data.
In assessing whether radio emission from quasars is due to star formation in the host or from the accretion process, our key concern is to ensure a high reliability, at the expense of completeness. We therefore impose a series of cuts to maximise the reliability of our sample. Maddox et al. (2008) showed that the J − K colour is very effective at selecting quasars, with the fraction being missed due to dustreddening determined to be less than 10 per cent. This is because there is an excess in the J − K colour for quasars -even those reddened by dust -compared to that for foreground stars. Such stars may have optical colours similar to the quasars, but near-infrared colour allows them to be distinguished (Warren et al. 2000) . To exploit this, we therefore start by selecting all objects in the VIDEO KS-band brighter than the 5σ limit of KS = 23.8, as detailed in Jarvis et al. (2013) .
K-band selection
We expect the vast majority of quasars to outshine their host galaxies in the KS-band, and therefore impose a morphology cut based on the SExtractor K CLASS STAR parameter (Bertin & Arnouts 1996) . This is a measure of the compactness of a source on a scale of 0 to 1, with 1 representing a point-like appearance. To check the effectiveness of K CLASS STAR as a morphology indicator, we select stars from the VIDEO catalogue using giJKS colours (Fig. 1) . Following the method of Baldry et al. (2010) , Jarvis et al. (2013) show that the region of this colour space occupied by stars is defined as J − KS − f locus (g − i) < 0.1. Fig. 2 shows the value of K CLASS STAR as a function of KS-band magnitude for objects within the stellar locus, and we see that our point source classification is robust down to KS = 22.8. Therefore imposing a restriction on the morphological parameter, K CLASS STAR > 0.9, effectively means that we should eliminate objects with KS 22.8. As a further check, since we will rely on this morphology parameter for quasars rather than stars, we create a set of simulated AGN. This is done by adding a point source, representing the output from the quasar nucleus, to the image of a model host galaxy. The latter are simulated using the methodology of Häussler et al. (2007) . For numerous steps in the total KS-band magnitude, different values of AGN magnitude (mAGN), galaxy magnitude (m galaxy ), and effective radius for the host (r eff ) are assigned (see Appendix B). SExtractor is then used on the simulated images, outputting the K CLASS STAR value for each object. Next, for each subset of the resulting catalogue -defined by a particular combination of total magnitude (KS), mAGN and m galaxy -the fraction of objects with K CLASS STAR > 0.9 is calculated (Table B2 ). This provides an estimate of our detection completeness, with respect to the AGN.
A simulated AGN that has been correctly classified as point-like will have a K CLASS STAR value close to 1. Our results show that for the brightest objects, with KS < 19.0, the AGN must account for at least 90 per cent of the total flux if over 90 per cent are to have K CLASS STAR > 0.9. This corresponds to the AGN needing to outshine its host galaxy by over two orders of magnitude. The reason for this is that the host galaxies belonging to such bright systems are themselves bright, and so their extended appearance influences the K CLASS STAR measurement. However, we do not expect this to greatly bias our sample as very few quasars in our sample have KS < 19.0. Over the more populated range of 19.0 KS 21.5 (due to the shape of the quasar luminosity function and depth of our data), we are able to recover over 90 per cent of the simulated AGN provided that their flux is 50 per cent of the total flux. We find that the distribution of r eff for the host galaxy over this regime has no influence on the K CLASS STAR values.
To achieve 90 per cent completeness over 21.5 KS 22.5, we find that the AGN's contribution to the total flux must rise again to at least 70 per cent. This means that we should be aware of possible contamination from the host galaxy, as a consequence of using the K CLASS STAR > 0.9 cut across this magnitude range. For total magnitude KS > 22.4, no level of contribution from AGN to the total flux (fAGN/f total ) allows us to attain even 50 per cent completeness. Therefore we impose a cut of KS 22.4, in addition to using K CLASS STAR > 0.9 as a selection criterion, which ensures that the morphology of the candidates is reliable. Whilst this means that we may be biased towards the brightest quasars and faintest host galaxies, such a conservative approach is sufficient for the purpose of this paper. Indeed, it strengthens the conclusions we draw regarding the radio emission, as explained in Section 6.4.
Photometric fitting
As stated previously, optical bands alone have in the past been used to define a colour space for quasar selection (e.g. Richards et al. 2001) . However their success in separating the regions occupied by stars and quasars diminishes at high redshifts, and they are especially affected by dustreddening. Instead we follow the method of Maddox et al. (2008) and use gJKS colour space (Fig. 3) . We also use full spectral energy distribution (SED) modelling, as galaxies may still be present amongst our potential quasar candidates, contaminating our sample. Fitting SED templates to the VIDEO-CFHTLS-D1 data was carried out using Le PHARE (Ilbert et al. 2006) .
There are 62 galaxy templates, based on the SEDs compiled by Coleman et al. (1980) and those of starburst galaxies. In combination with different extinction law values, these produce 187 sets of model photometry that are then redshifted. A range of extinction values are also used in conjunction with the stellar library, consisting of 254 templates, and the 10 empirical SEDs that make up the AGN library.
These AGN templates are taken from the SWIRE template library (Polletta et al. 2007 ). Two of them, 'Sey18' and 'Sey2', represent moderately-luminous Seyfert galaxies. The 'I19254' template is from IRAS19254-7245, a starburst/ULIRG with Seyfert-2 galaxy properties. Another ULIRG is included in the form of 'Mrk231', which has a heavily-obscured quasar at the centre. Like 'I19254' and the Figure 1 . The position of all VIDEO objects in giJK S colour space. Red contours (with interval of 2.0 objects) correspond to the number of objects best fit by a star template, via the Le PHARE code (Section 3.2). Green contours (interval = 10) are for those best fit by a galaxy template, and blue contours (interval = 2) correspond to a quasar template. Overplotted are objects from the 'Gold' candidate quasar subsample (black dots, Section 3.2), including those that are cross-matched with VVDS (magenta squares, Section 4.1). In addition are VIDEO objects cross-matched with VVDS but lying outside the Gold selection region, either with broad emission lines (red triangles) or without (yellow triangles). The stellar region lies below the dashed line, whilst above it the quasar and galaxy loci begin to blend into one another. The definition of f locus (x), where x = g − i, is as follows: for x 0.3, f locus (x) = −0.6127; for 0.3 < x 2.3, f locus (x) = −0.79 + 0.615x − 0.13x 2 ; for x > 2.3, f locus (x) = −0.0632.
'N6240' quasar template, its SED is an AGN-starburst composite.
An optically-selected sample of 35 SDSS/SWIRE Type-1 quasars was used to construct the three Type-1 quasar templates ('QSO1', 'BQSO1', 'TQSO1'), via a quasar composite spectrum in addition to rest-frame infrared data (Hatziminaoglou et al. 2005) . The difference between them is their IR/optical flux ratios, with 'BQSO1' representing the bottom quartile and 'TQSO1' the top quartile. Finally, the 'QSO2' and 'Torus' templates are typical SEDs for Type-2 quasars, with the second of these having greater dust obscuration. We determine the best fit for both redshift and extinction using each of the SED libraries ('star', 'galaxy' and 'AGN'). Fig. 3 shows the gJKS colour space for the point sources in the VIDEO KS-band selected catalogue where one of the ten AGN SEDs provides a better fit to the photometry than the galaxy or star templates. The blue dotted line is the evolution track for a model quasar that has no host galaxy contamination, and follows a path that lies between the star and galaxy regions. Objects best-fit by a stellar template are excluded from Fig. 3 , therefore to the left of the quasar track we see only the remnants of the stellar locus. This means that, whilst their photometry can be modelled by an AGN SED, they still have stellar gJKS colours.
We also show the broad region occupied by the galaxy tracks that are used by Le PHARE (shaded in Fig. 3) . Some of the AGN template-fitted datapoints are well-separated from the galaxy region, whilst others have greater overlap. Those that remain 'clear' from the galaxy locus, within the region demarcated by a green dashed line (defined by the equations listed in Appendix C), are subsequently referred to as the 'Gold candidate quasar sample'. This Gold sample is comprised of 75 quasars. The slight overlap with the galaxy tracks (shaded region) is deemed acceptable given the photometric uncertainties. We note that the selected objects are best-fitted by Type-1 quasar models: 'QSO1', 'BQSO1' and 'TQSO1', and we later see where they lie in mid-infrared colour space (Section 3.3). Valuing reliability over completeness, we chose not to extend the selection region downwards to include a few extra points fitted by Type-1 quasar models. This is because, with their positions lying well within the shaded region, there is a greater chance of their gJKS colours being confused for galaxies. A similar method is used by Maddox et al. (2012) to construct a sample of quasars, whose K-band magnitude range is 15.8 K 18.4. They are able to achieve > 95 per cent efficiency and > 95 per cent completeness with respect to known SDSS quasars. In addition, both their and our methods incorporate information from SED fitting. Doing so enables us to be conservative in our selection, resulting in a clean sample of candidates. However, in contrast, our candidates are much fainter due to the depth of the photometry used, spanning 18.4 KS 22.4. The light from the host galaxy could lead to greater contamination as we go deeper, but our selection (via morphology and colour information) ensures that the quasar is dominating the total flux from the system.
Mid-infrared colour
As an additional check on the validity of our selection, we use Spitzer data to investigate where the Gold candidate quasars lie in mid-infrared colour space. Dust extinction is not a problem when measuring emission in the mid-infrared, and so both unobscured and obscured AGN can be detected. However, we note that our Gold candidates are biased towards the unobscured population, given the photometric fit to Type-1 quasar SEDs. To check what proportion are indeed active galaxies, we use the work of Lacy et al. (2004) and Stern et al. (2005) . Lacy et al. (2004) use the 8.0 µm/4.5 µm ratio versus the 5.8 µm/3.6 µm ratio to separate stars, low-redshift galaxies, SDSS quasars and radio-selected quasars. Within this colour space they find that there are two distinct sequences, the quasars belonging to one and the remaining objects to the other. We refer to the region that contains the quasar sequence as the 'Lacy wedge'.
The tendency of AGN to be redder than galaxies in the mid-infrared is also exploited by Stern et al. (2005) , who use a We find that 62 of our 75 Gold quasar sample have cross-matches in the SWIRE catalogue. Due to the depth of the mid-infrared data, only 35 of these have detections in each of the 4 bands, IRAC 1-4. Hence we use this as a consistency check on the brighter candidates, rather than an additional step in the selection. Fig. 4 shows that all of the Gold sample (with detections in all 4 bands) lie within the Lacy and Stern wedges. This confirms that our quasar selection method is robust.
SPECTROSCOPY
In this section we use spectroscopic data to carry out a further check of the robustness of our sample selection, in addition to obtaining accurate redshift information. Existing spectroscopy comes from the Visible Multi-Object Spectrograph (VIMOS) VLT Deep Survey (VVDS), over the XMM3 tile within the VIDEO field. This is complemented by new spectroscopy for objects belonging to our Gold sample, using the Southern African Large Telescope (SALT).
VVDS data
We cross-matched all of the objects that had best-fit SEDs of an AGN (obscured, unobscured, or Seyfert-like) with the VVDS, using a matching radius of 1 arcsec. This identifies 127 objects with spectroscopic redshifts in the 1 deg 2 field. 12 of these are in our Gold sample and have broad emission lines, again showing that we have a good basis for selecting quasars. They also lie in the quasar region of giJKS colour space (magenta squares in Fig. 1 ), as identified by Baldry et al. (2010) .
The remaining 115 cross-matches lie in the galaxy locus of both giJKS space (triangles in Fig. 1 ) and gJKS space (Fig. 3) . According to the VVDS redshift flags, 7 of them have broad emission lines, meaning that they are more likely to be quasars. However, inspection by eye reveals that this is actually the case for only 5 of the objects, one of which is a Broad Absorption Line (BAL) quasar. We also confirm (2008) . Each of these datapoints has photometry that is best fit by one of 10 AGN templates (see legend, and their description in Section 3.2). The blue dotted track is a model for how a quasar with no host galaxy contamination evolves with redshift, lying between the stellar and galaxy loci (to the left and right, respectively). The shown redshift range of this track is 0 z < 5.2, with blue '+' markers every ∆z = 0.2. The shaded region is the area covered by evolution tracks for the photometric fitting code's library of galaxy templates. The redshift range of these galaxy tracks is 0 z < 6, with colours evolved for each step of ∆z = 0.04 taken. The region used to select 'Gold' candidate quasars is demarcated by a green dashed line.
that reliable redshifts have been obtained for each of these 5. They appear as red triangles in Fig. 1 , with one lying beyond the plot range of the figure. Their colours are redder than the Gold quasar candidates, and lie in the region of gJKS colour space covered by galaxy evolution tracks, hence their exclusion from our sample. These extra quasars highlight the incompleteness of our Gold sample, although we emphasise our aim for a highly-reliable selection method instead. The 110 cross-matched objects that show no broad emission lines, yet are best-fit by an AGN template, may be obscured AGN.
SALT spectra
13 quasars from our Gold sample were observed between 4th November 2012 and 6th January 2013, using the Robert Stobie Spectrograph on SALT. We used the PG0900 grating with the PC03850 filter, to obtain coverage over 4500-7500Å. A 2 arcsec slit provided adequate resolution (10Å) for measuring redshifts from broad emission lines. Three exposures were made for each target to enable cosmic ray rejection.
The standard procedures for reducing SALT data were performed with the IRAF software. For flux calibration, LTT 1020 was used as the standard star. The resulting fullyreduced spectra, extracted from the calibrated images, are presented in Appendix D. They correspond to the 8 Gold candidates for which it was possible to determine reliable spectroscopic redshifts. These are discussed further in Section 5.1. Strong emission lines are present in all of the spectra, with Ciii]1909 being the most common. Also present is either a Civ1549 or Mgii2799 broad line. Spectra for the other 5 objects observed by SALT were poor, due to being badly affected by weather and technical difficulties. 
THE QUASAR SAMPLE

Photometric redshifts
The photometric redshifts, fitted using Le PHARE (Section 3.2), were compared to the spectroscopic redshifts of the Gold objects, obtained with the VVDS and SALT. The majority are in good agreement (see Table 2 ), but there are a few cases where the photometric fitting severely underestimated the true redshift. Using the normalised median absolute deviation in ∆z/(1 + z), where ∆z = (zs − zp), we find σ ∆z/(1+z) = 0.082 and four catastrophic outliers, where we define a catastrophic outlier as having |∆z|/(1+z) > 0.15 (Ilbert et al. 2006) . Such inaccuracies prompted us to seek an alternative method for determining photometric redshifts. We therefore used a different quasar template that has no host galaxy contribution (Hewett et al., in prep.) . The colours from this template were evolved over the redshift range 0 < z < 7 in steps of 0.1, and we also included 0.2 mag of uncertainty to the quasar template colours to account for the variation in emission-line strength and the intrinsic quasar spectral shape. This was added in quadrature to the measured photometric uncertainties. The best fit was found through χ 2 minimisation, and we name the corresponding redshift 'Colour-z'. Colour-z values calculated for the objects with spectroscopic redshifts are presented in Table 2 . Fig. 5 shows the correlation between the spectroscopic redshift, from both SALT and VVDS, and our photometric redshift. Two of the VVDS redshifts were highly discrepant, quoted to be 0.1 and 0.2 (Table 2 ). Inspection of their spectra showed that a Mgii2799 line had been misidentified as a Hα6563 line. We therefore corrected the redshifts and used these values for Fig. 5 , which placed them in line with their corresponding Colour-z value. Using all of the objects with spectroscopic redshifts, the accuracy of Colour-z is σ ∆z/(1+z) = 0.046. Out of the 19 objects we find there to be 3 catastrophic outliers (circled in Fig. 5 ). We investigated whether confusion between the Mgii2799 line and the Civ1549 line led to the catastrophic outliers with Colour-z = 0.7, and similarly whether a Ciii]1909 line was being confused for a Mgii2799 line, resulting in the third outlier (with Colour-z = 2.4). However, in each case, the ab- sence/presence of other expected emission lines confirmed the previously-determined spectroscopic redshifts. Therefore our Colour-z photometric redshift estimates perform well for the majority of quasars observed by the VVDS and SALT. However, a single spectrum is not enough to describe the variety found in the Type-1 quasar population, and for this reason we still find a number of outliers. As such, we cannot simply assume these best-fit values for the remainder of the photometric sample, for which we do not have spectroscopy. Instead we note that each of these outliers have a double-peaked probability distribution function (PDF) produced by the photometric fitting, with the secondary peak overlapping the spectroscopic redshift. This prompted us to generate 1000 Monte Carlo redshifts per Gold quasar, according to the full redshift probability distribution functions. These redshifts are used for the distribution in absolute i-band magnitudes (Section 5.2) and the subsequent analysis of the radio emission associated with the quasars. This therefore allows our final results to take the redshift uncertainties into account.
Absolute i-band magnitudes
The same quasar spectrum (Hewett et al., in prep.) , in addition to the Colour-z values determined in the previous subsection, is used to calculate the K-corrected absolute iband magnitudes (Mi) of our quasar sample. We also use the redshift probability distributions to calculate the probability distribution for Mi per quasar. We then impose the criterion Mi −22, a magnitude cut that approximately splits quasars from Seyfert galaxies (e.g. Schneider et al. 2003) . The quasars that survive this cut are presented in Fig. 6 and used for the remainder of the paper. Noting the quasars for which a fraction of the simulated Mi values are brighter than −22, the number of quasars in the final Gold sample Number count/1000 0 1 2 3 4 5 6 7 8 9
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Figure 6. The distribution of photometric redshifts (Colour-z) and K-corrected absolute i-band magnitudes for the final 74 Gold quasars with M i −22 (contour interval=10), determined using the full redshift probability distributions.
is reduced from 75 to 74. Their properties are given in Table E1 . 61 of these 74 objects are beyond z = 1 and brighter than Mi = −22, demonstrating the effectiveness of VIDEO+CFHTLS in detecting very faint quasars. However, some of the objects may have an incorrect Mi, arising from an incorrect Colour-z. This is why it is important to note that we take this into account via our sampling of the photometric-redshift probability distribution. For example, the fraction of simulated objects that have Mi −22 is used to weight the Gold quasars when analysing their radio emission in the next section. In Fig. 7 we also show the KS-band magnitude distribution of the final 74 quasars.
To understand the proportion of the total quasar population we have selected with our criteria, we use the quasar luminosity functions modelled by Croom et al. (2009) 1 . These are integrated over the redshift range 0.5 z 3.1 for objects brighter than Mg(z = 2) = −22.8, which corresponds to our cut of Mi(z = 0) = −22.0. Using the luminosity dependent density evolution (LDDE) and luminosity evolution + density evolution (LEDE) models as lower and upper limits, respectively, these luminosity functions predict there to be between 338 and 381 quasars over 1 deg 2 . We are therefore approximately 20 per cent complete. Gold quasars, for those that have M i −22 generated from sampling the redshift probability distribution.
RADIO EMISSION FROM RADIO-QUIET QUASARS
Radio flux-density measurement
To obtain the radio properties of the RQQs in our sample, we initially performed a stacking analysis. We used 1.4 GHz flux densities extracted from the VLA-VIRMOS Deep Field map (Bondi et al. 2003 ) on a single-pixel basis, at the positions of the quasars. Due to the conversion from right ascension and declination to an integer pixel number, the positional error of the quasar associated with the chosen pixel is 1.5 arcsec for both co-ordinates. This error is comparable to the angular size of the objects in question, but deemed negligible given the 6 arcsec resolution of the data. The mean and median radio flux-density values obtained at the positions of the Gold objects are shown in Table 3 , noting that the radio map has an average rms noise of 17.5 µJy (Bondi et al. 2003) . In order to take the noise variation across the map into account, a random sample is also created, using pixels between 17 and 42 arcsec away (in a random direction) from each Gold quasar position. This was to ensure that the new position was well outside the beam covering the Gold candidate position (i.e. more than two beam sizes away), and so avoid any possible correlation in the flux values. Also, using a fixed direction would have introduced a systematic error due to artefacts arising during the radio imaging process, caused by the 6-order symmetry of the VLA's uv-coverage. Repeated 1000 times per Gold candidate, this method ensures that all of the random pixels lie within annular loci, centred on a Gold position.
The fraction of negative flux values is an indication of the level of non-detections, and is significantly lower for the Gold positions than the random positions (Table 3) . Since the Gold quasar candidates are part of a clean sample, the higher median radio flux-density value is expected. Fig. 8 shows flux-density histograms for the quasars and the random positions, and clearly shows a positive tail in the case of the former, reinforcing the evidence for excess radio emission at the positions of the quasars. Within this tail are 10 objects with detections at > 3σ, one of which is above 1 mJy and appears in the FIRST catalogue (White et al. 1997) .
Although such averages are interesting, it must be remembered that stacking leads to a loss of information and it is far more informative to study the entire flux-density distribution (e.g. Mitchell-Wynne et al. 2014).
Statistical detections of radio emission
The majority of objects from our quasar sample have radio emission that is below the flux-density limit of the VLA map. To investigate their flux distribution, a two-sample Kolmogorov-Smirnov (KS) test was used to test the null hypothesis that the Gold quasar sample and the flux-density measurements at random positions are drawn from the same underlying distribution. We find a KS statistic of D = 0.42 and p-value = 10 −12 . Therefore the null hypothesis can be rejected, confirming an excess of radio emission for the Gold sample.
We then take our analysis a step further by binning the 74 quasars in the Gold sample, from Section 5.2, in redshift. This is done in a probabilistic manner by splitting the simulated objects (derived from the Colour-z PDFs and subjected to a Mi = −22 magnitude cut) into four redshift ranges. The frequency with which a quasar appears in each bin is recorded, and this is then used to weight the number count distribution for the quasars across the redshift bins. The number counts for the random flux densities, corresponding to a particular quasar as they are (again) constrained to lie between 17 and 42 arcsec away, are weighted in the same way. To create a Gold subsample for each bin, a number of simulated objects are randomly selected according to how many of the original 74 quasars are sampled within that bin. For the corresponding random subsample, 1000 random positions are selected per Gold object. A KS test is then carried out between the redshift-based subsample and the measurements at random positions, and the procedure repeated 1000 times. The results are shown in Fig. 9 and Table 4 and indicate that, for each of the redshift bins, the null hypothesis can be rejected. That is, there is excess radio emission from the quasars at all redshifts.
The Gold quasars were then binned separately by their absolute i-band magnitude, using the same probabilistic procedure with regard to the simulated objects. As before, the ranges of these 4 bins were set so that there was roughly the same total number of simulated objects in each. The median p-values, calculated from 1000 KS tests between the Gold and random distributions for each Mi bin, are also shown in Fig. 9 and in Table 4 . We find evidence to reject the null hypothesis, at the ≫99.99 per cent confidence level, for each of the bins in absolute i-band magnitude.
Using the individual flux-density measurements and the redshift probability distributions to calculate the distribution in L1.4 GHz and Mi, Fig. 10 shows the radio luminosity against the absolute i-band magnitude. To perform a cor- Table 3 . Stacked radio flux densities for the quasar and control samples. 'Negative fraction' refers to the number of flux-density values that are negative, and the p-value is the result from a Kolmogorov-Smirnov (KS) test. This indicates the probability of the null hypothesis that the two distributions are drawn from the same underlying distribution. The second Gold sample (third row) is created by weighting the appearance of each quasar in accordance with the fraction of its probability distribution function (PDF, Section 5.1) that survives the M i −22 cut imposed in Section 5.2. The last four rows correspond to galaxy samples with stellar mass estimates determined assuming black hole (BH) masses of 10 8 M ⊙ and 10 9 M ⊙ , and specifies whether or not redshift evolution in the M BH -M * relation was used (see Section 6.4 for details). In each case, 74 -the final number of Gold quasars -is used as the sample size for calculating the errors. Also, the p-value quoted is a median, having performed 1000 KS tests with each control sample.
Sample
Median . The flux-density distribution of Gold quasars (blue histograms), subject to a M i = −22 magnitude cut, binned according to redshift (left column) and absolute i-band magnitude (right column). To compare with the intrinsic radio noise properties, the flux-density value was also measured at random positions, confined to lie between 17 and 42 arcsec away from each quasar position (red histograms, normalised to aid comparison). The dashed green lines are at ±17.5 µJy, the mean rms noise (i.e. 1σ) level of the VLA map (Bondi et al. 2003) . The presence of a significant positive tail indicates a statistical detection of faint radio emission. The median p-value, resulting from 1000 KS tests between the Gold and random subsamples, is given for each bin (Table 4) . relation test, we randomly select one simulated object per Gold quasar and repeat 1000 times. A strong correlation is found, with a median coefficient of r = −0.4 ± 0.0 and median p-value = 10 −4 . The trend remains when we consider only the objects that have a flux that is above the rms noise level, with S1.4 GHz > 17.5 µJy (blue circles in Fig. 10 ). The apparent 'smearing' of the datapoints is due to slightly different values of L1.4 GHz and Mi arising from the redshift probability distribution for the quasars (Section 5.1). If we only use L1.4 GHz and Mi as derived from the best-fit photometric redshift, Colour-z, a correlation test for the 74 quasars results in r = −0.2 and p-value = 0.1. 18 per cent of simulated objects (that survived the Mi < −22 cut) are missing from Fig. 10 , due to them having a negative flux value extracted from the VLA map. However, the binned median values and associated error bars (in red) do include quasars with negative fluxes.
This correlation between the optical luminosity, which is dominated by thermal emission from the accretion disc, and the non-thermal radio emission has previously been found for radio-loud quasars (e.g. Serjeant et al. 1998; Fernandes et al. 2011; Punsly & Zhang 2011) , and has been used to infer that the jet-production process is related to the accretion rate, but with black-hole spin playing an important role (e.g. Punsly 2011; Tchekhovskoy et al. 2011) . However, at the lower radio luminosities that we observe in this sample, we cannot rule out that such a trend is due to the various correlations between black-hole mass, stellar mass and star formation rate (e.g. Noeske et al. 2007 ).
Quasar-related radio source counts
In this subsection we follow the work of Kimball et al. (2011) and Condon et al. (2012) and investigate the shape of the radio source counts due to quasars. To parameterise the radio background as we probe to lower flux densities, it is necessary to understand the individual contributions from various populations. For example, in the semi-empirical simulation of Wilman et al. (2008 Wilman et al. ( , 2010 ) the number counts of extragalactic objects are broken down into radio-loud and radio-quiet AGN, star-forming galaxies, and starbursts.
In Fig. 11 we show the contribution to the radio source 
Median values
Figure 10. Radio luminosity against absolute i-band magnitude for our quasars. Blue circles are simulated objects (based on the photometric-redshift probability distributions) with S 1.4 GHz > 17.5 µJy (i.e. > 1σ), and cyan circles are those below this radio flux threshold. Overplotted in red are the median luminosities derived for these objects, which have been binned in M i (see Table 4 for their bin ranges).
counts from our Gold quasar sample using the measurements discussed in Section 6.1. Below 1 mJy we find that a 'bump' appears in the number counts, as opposed to a single powerlaw to lower radio flux densities. Such a bump has also been found in studies based on the SDSS (Kimball et al. 2011; Condon et al. 2012 ) and has been attributed to star formation in the quasar host galaxy in both cases. In this subsection we quantify the bump in terms of different parameterisations of the measured radio flux-density distribution, and then further explore whether the radio emission is due to star formation or related to the accretion process. To fit the shape of the radio source count contribution from our Gold quasar sample, we need to impose the same survey flux-density limit as our radio data. To begin with, a simulated catalogue is created by drawing fluxes from a function of S 2 n(S) that follows a power-law. Then noise, with rms = 17.5 µJy, is incorporated into the simulated fluxes by adding the flux from randomly-selected pixels of the VLA map used in Section 6.1. Effectively we have injected the model fluxes into the radio map and then re-extracted the resultant flux value. This accounts for any small nonuniformity in the noise distribution.
Next, for different combinations of the prescribed slope (α) and normalisation (c) of the power-law, a chi-squared (χ 2 ) test is performed between the data and the simulated flux distribution. For this we normalise the simulated distribution so that the total number of objects is 74, to match the size of the quasar sample. A minimum in the χ 2 value is found for the combination of α = 0.89 ± 0.01 and c = 14000 ± 1000, and the distribution produced by this power-law model is shown by a black dotted line in Fig. 8 . It appears significantly different to the flux-density distribution of the quasars, and this is confirmed by a KS test of the two distributions producing a p-value of 7 × 10 −5 . With no evidence that the simulated fluxes are drawn from the same distribution as the quasar fluxes, we conclude that a powerlaw is an inadequate description of the number counts. We adjust our model by adding a Gaussian contribution to the power-law, and use this to create alternative simulated catalogues. The prescribed function of S 2 n(S) is then given by
Minimising the χ 2 value for the data and the resulting simulated flux-density catalogue, the best-fit model is described by α = 1.04 ± 0.01, c = 26000 ± 2000, A = 0.5 ± 0.1, µ = −4.9 ± 0.1, and σ = 0.5 ± 0.1. This gives p-value = 0.3 when a KS test is performed between the simulated distribution and the measured radio flux density of the quasars. This indicates that the distribution arising from this powerlaw plus Gaussian model is indistinguishable from that of the quasars, and can be seen by comparing the purple dashdotted line to the blue histogram in Fig. 8 . Furthermore, the corresponding contribution to the radio source counts for this model are shown in Fig. 11 . Note that they do not follow the dashed red line (due to e.g. some objects having negative fluxes, and some objects being shifted between adjacent bins even at the bright end) but do overlap with the real data, thereby illustrating the effect of the noise on the shape of the number counts.
The Gold quasars presented in this paper exceed the SDSS quasar counts by Condon et al. (2013) , as shown by the offset between our datapoints and their power-law fit (Fig. 11) . This is because we detect much fainter sources, by 6 orders of magnitude in the r-band, and do so over a wider redshift range. Some authors have suggested that, if the radio emission is due to accretion, then the power-law used to describe the brightness-weighted number counts above 1 mJy should simply extend to lower luminosities. Therefore, any deviation away from this must indicate the presence of radio emission from an alternative process, e.g. star formation (Hopkins et al. 1998; Kimball et al. 2011) . However simulations by Wilman et al. (2008) show that, even when considering the AGN population alone, a distinct 'bump' is seen in the number counts. This is because the relation between accretion rate and radio luminosity for radio-quiet quasars does not follow the same scaling relations that are applicable to the radio-loud objects (e.g. Willott et al. 1999; Jarvis et al. 2001; Fernandes et al. 2011 ). This may be further accentuated by an emergent star-forming population, and so a combination of the two should be considered.
For our quasar sample, a bump in the number counts is evident below 1 mJy, and is in agreement with the work of Condon et al. (2013) . To determine whether the radio emission is linked to the accretion process rather than star formation, we perform the same procedure outlined earlier in this subsection using the source counts for radio-quiet quasars as simulated by Wilman et al. (2008) . That is, their model fluxes are injected into the VLA map and then re-extracted, in order for them to have the same noise properties as our binned data and simulated fluxes. Since we cannot impose the same criteria used for our quasar selection, as the simulations do not include reliable absolute magnitudes at optical wavelengths, we simply adjust the normalisation of the resulting number counts (dash-dot lines in Fig. 11 ), emphasising our interest in the shape alone. We find excellent overlap between our datapoints and the unobscured RQQs modelled by Wilman et al. (2008) . Wilman et al. (2008) used the empirical relation between X-ray luminosity and radio luminosity for a sample of RQQs, coupled with the X-ray luminosity function to determine the radio luminosity function, and therefore the source counts of the RQQ population. Consequently, such a comparison does not necessarily imply that the radio emission is related to the accretion process, because more luminous AGN are more likely to be powered by more massive black holes that reside in more massive galaxies. These massive galaxies also have a larger gas reservoir from which stars can form, and so generally have higher star formation rates, i.e. the star formation main sequence (Noeske et al. 2007 ). Therefore, we also further investigate the possibility that the radio emission from the RQQs is due to star formation.
Radio emission from AGN or star formation
To explore this we use the VIDEO survey to create large samples of quiescent galaxies at similar redshifts to the quasars. This is to determine whether there is excess radio emission from the quasars compared to 'normal' galaxies of similar mass. Constructing a sample of galaxies, that is matched in stellar mass to the quasars, is problematic given that the quasar nucleus outshines the host galaxy, thus rendering direct measurements difficult without deep spacebased imaging. We therefore adopt an approach whereby we use the observed relation between black-hole mass and stellar mass from Bennert et al. (2011) , MBH ∝ M α * (1 + z) β where β = 1.15. This is quite a moderate evolution compared to other studies (e.g. McLure et al. 2006; Peng et al. 2006) . We also compare this to the case where we assume no redshift evolution in the relation (β = 0.00). Rather than calculating the black-hole mass for each quasar, which would require complete spectroscopy that includes either Figure 11 . The brightness-weighted counts of the Gold quasars (blue dots with error bars), relative to the power-law fit (green solid line) by Condon et al. (2013) . The equation of their fit is S 2 n(S) = (12.9 ± 1.0) × S 0.99±0.02 Jy sr −1 . The prescribed number counts (dashed red line) for our simulated points is created by adding a Gaussian to the power-law illustrated with a dotted green line. It does not include the noise contribution later added to create the simulated fluxes (red triangles with error bars). Overplotted are the number counts for RQQs simluated by Wilman et al. (2008) , with and without the addition of noise from the VLA map (Bondi et al. 2003) . The shaded region indicates the level up to which this noise extends. Because log-log space is needed to display the data clearly, Gold quasars that have a negative flux density do not appear in the plot. The error bars are Poissonian, depending only on the number of objects appearing in a particular logarithmic bin, ∆ log S = 0.564. (All points are plotted at the centres of the logarithmic bins.)
Civ1549, Mgii2799 or Hβ4861 broad lines (Wandel et al. 1999; Vestergaard 2002; McLure & Jarvis 2002) , we adopt two fixed black-hole masses of 10 8 and 10 9 M⊙, and calculate the stellar mass of the host accordingly.
The stellar masses of the normal galaxies are determined by the VIDEO team, using photometric redshifts from Le PHARE, in combination with stellar population synthesis models of Bruzual & Charlot (2003) [see Johnston et al. (in prep.) for more details]. The galaxies are then matched to the quasars in both redshift (z ± 0.1) and stellar mass (M * ± 0.3 dex) using the full probability distributions in redshift and absolute magnitude, to produce four control samples. For a fair comparison, the Gold quasars are weighted according to the same probability distributions, using the fraction of simulated objects that are brighter than Mi = −22. With all four control samples, 1000 KS tests are then performed, each time having randomly selected 74 galaxies that are matched to the quasars. Assuming MBH = 10 8 M⊙, multiple KS tests show that the underlying distribution of radio flux density for the quasars and galaxy control sample is significantly different, with median p = 10 −4 and 10 −3 , both with and without evolution in the MBH-M * relation (Table 3 and Fig. 12) . Also, the median flux density of the galaxies is much lower than that of the Gold quasars, for both evolution scenarios. We therefore find evidence for excess radio emission from the quasars, independent of whether or not we assume redshift evolution in the MBH-M * relation.
Next we look at the control sample created using MBH = 10 9 M⊙ and MBH-M * evolution. The median flux density is higher for these matched galaxies compared to those of the first control sample in Table 3 , as would be M BH =10 9 M ⊙ β=0.00 p−value=10 −3 Figure 12 . Radio flux-density distributions, with the blue histograms corresponding to the Gold quasars. These have been weighted according to the fraction of simulated objects that are brighter than M i = −22. (As in Fig. 8 , two Gold quasars have radio fluxes outside of this plot range.) The red (hatched) histograms correspond to a control sample, where one galaxy has been matched in z and M * for each simulated object, again having M i −22. The stellar masses are estimated assuming that the quasar has M BH = 10 8 M ⊙ (upper panels) or M BH = 10 9 M ⊙ (lower panels). Whether or not redshift evolution in the M BH -M * relation is used for this calculation is indicated by the value of β; For evolution we use β = 1.15 (left panels), from the work of Bennert et al. (2011) , whilst β = 0.00 (right panels) corresponds to zero evolution. The median p-value, from 1000 KS tests between the Gold and control galaxy samples (Table 3) , is quoted in the top-right corner of each panel, and the green dashed lines demarcate the mean noise level of the VLA map, at ±17.5 µJy.
expected for galaxies lying on the star-formation main sequence (Noeske et al. 2007) . As a result the p-value is also larger, indicating that the radio output from these matched galaxies is more significant relative to the quasars' emission. However, the median for this control sample is still below that of the Gold quasar sample, suggesting that emission from the quasars remains in excess. In the case of no redshift evolution in the MBH-M * relation, the p-value shows the quasar and galaxy flux distributions to be distinct, but this time the median flux from the galaxies does exceed that of the Gold quasars. This suggests that, for quasars hosted by the most massive galaxies, star formation could be the cause of the radio emission. However, it is unlikely to be the case that the majority of our quasars have 10 9 M⊙ black-hole masses, given the shape of the black-hole mass function (e. Star formation in the host galaxies of quasars has also recently been studied by several authors. Bonfield et al. (2011) used a sample of SDSS quasars and data from the Herschel-ATLAS (Eales et al. 2010) to show that the star formation is correlated to the quasar accretion luminosity as well as the redshift. In a similar study, Rosario et al. (2013) find that the star formation properties of quasars are consistent with a model where the host galaxy lies on the star formation (SF) main sequence (Noeske et al. 2007; Whitaker et al. 2012 ). These are both based on the assumption that the AGN emission dominates the optical light and does not make a strong contribution to the far-infrared, which is used to calculate the star formation rate. In addition, support for radio emission from quasars being related to star formation is provided by recent results on sub-mJy radio source populations (Padovani et al. 2014 ), although we note that the AGN in the study of Padovani et al. are generally much fainter optically than the quasars considered here.
We therefore further investigate the origin of the radio emission in our quasar sample by comparing two independent estimates of the star formation rate. The first value uses the 1.4 GHz flux extracted from the VLA map, and uses the relation between radio luminosity and SFR, as quantified by Yun et al. (2001) for a sample of IR-selected galaxies. A second estimate of the SFR is based on the assumption that the quasar host galaxies lie on the star formation main sequence. Of course this may not be the case for our quasars, whose radio emission may instead be due to starbursts, but it is a suitable first approximation. For this we use the redshifts (simulated from the photometric-redshift probability distributions) and typical black-hole masses for a quasar (10 8 -10 10 M⊙) to estimate the total stellar mass, as previously described. (An insufficient number of galaxies in the VIDEO catalogue could be matched to the quasars when assuming MBH = 10 10 M⊙, and so this control sample was not created.) These are then combined with the finding by Whitaker et al. (2012) that SFR ∝ M 0.6 * . The distribution in the SFRs are presented in Fig. 13 , with the mean and median values for each distribution provided in Table 5 . To further aid comparison, these SFRs are represented by contours in Fig. 14 , effectively acting as probability distribution functions for a particular black-hole mass.
We see that there is a mismatch between the two sets of star formation rates calculated for the simulated objects associated with the final 74 quasars (Fig. 14) , independent of whether the MBH-M * relation is evolving or not. Quasars are most likely to have black-hole masses of 10 8 < MBH < 10 9 M⊙ (e.g. McLure & Dunlop 2004) , but the SFR implied by their stellar mass indicates that this is an order of magnitude lower than expected from the radio emission. Indeed, if there is MBH-M * evolution, the quasars would need to have MBH ≈ 10 10 M⊙ in order for their SFRs to have a one-to-one correspondence (lying on the dashed line). Assuming no evolution, the black-hole mass would need to be > 10 9 M⊙ if we are to explain the total radio emission as due to star formation alone. Note that only objects with positive radio fluxes appear in Fig. 14 , which may introduce a slight bias. However, this is taken into account by the median and mean SFRs that are also shown, as all objects were used for their calculation.
Therefore, either our assumption that the quasar hosts lie on the SF-mass sequence is incorrect, or the AGN is contributing a significant fraction towards the radio flux. We argue that the latter is the most probable explanation because, based on work using far-infrared data (Bonfield et al. 2011; Rosario et al. 2013) , it is unlikely that the quasar host galaxies are undergoing massive starburst activity.
As mentioned earlier, the selection criteria we use to create our sample mean that we are biased towards the brightest quasars (with high accretion rates/high black-hole masses) and the faintest host galaxies (possibly with low stellar mass). Since these objects are best-fit by a Type-1 quasar template, and dust has less of an effect in the KSband, we do not believe that obscuration is the reason for the faintness of the host galaxy in the optical and near-infrared bands. Instead, these objects may have low stellar mass and therefore low star formation rates, and so we would expect there to be less radio emission due to star formation as a result of our selection.
On a similar note, it may seem inappropriate to apply the standard MBH-M * relation, given the biases described above and our selection of only 20 per cent of the total quasar population (see end of Section 5). By doing so, for each assumed black-hole mass, we may in fact be overestimating the stellar mass. Consequently, the SFR of the host is also overestimated, and the true proportion of radio emission due to accretion would be even greater. Kimball et al. (2011) and Condon et al. (2013) use SDSS-selected quasars, which are also biased towards high accretion and low galaxy mass, albeit not to the same degree as our sample. (This is because our selection is strongly dependent on the KSband, where the host galaxy and quasar emission are generally more comparable, relative to selection at optical wavelengths.) We also note however, that if the relation between optical luminosity and radio luminosity shown in Fig. 10 is due to the accretion process then we would expect a greater degree of AGN-related radio emission in the SDSS samples. Therefore carrying out the same analysis for their quasars would also lead to an overprediction of the amount of radio emission due to star formation. Thus our conclusions, that the accretion process is the primary origin of the radio emission at S1.4 GHz < 1 mJy, are strengthened.
CONCLUSIONS
As we probe to lower radio luminosities, it is vital that we fully appreciate the various populations contributing to the radio background. Of particular importance are star-forming galaxies and radio-quiet quasars (RQQs). These two types of sources may be confused for one another, owing to the similar amount of low-level radio emission they produce. They may even be composite, having both ongoing star formation and black-hole accretion. To disentangle the two, and understand their roles in galaxy evolution, these objects must be better studied.
(1) In this paper we have described a robust method for the selection of RQQs in the VIDEO Survey (Jarvis et al. 2013) . By applying a morphology cut and combining AGN template fitting with photometry, a region within gJKS colour space is defined that successfully selects Type-1 (i.e. unobscured) quasars. These make up our 'Gold' candidate quasar sample, which (following an absolute i-band magnitude cut, Mi −22) is comprised of 74 quasars.
(2) We use optical spectroscopy from both the SALT and VVDS, which provides accurate redshifts for 26 per cent of the Gold objects. Our photometric redshifts are shown to be reliable, with σ ∆z/(1+z) = 0.046 when calculated across Table 5 . Mean and median star formation rates (SFRs) for the simulated objects, according to how their SFR was derived. The first row corresponds to the relation of Yun et al. (2001) being applied to the extracted radio fluxes. The remaining calculations of SFR involve stellar mass estimates, for a particular assumed black hole (BH) mass with (or without) M BH -M * evolution (see Section 6.4 for details). In each case, 74 -the final number of Gold quasars -is used as the sample size for calculating the errors.
Estimate used to derive the SFR Median SFR (M ⊙ yr −1 ) Mean SFR (M ⊙ yr −1 ) L 1.4 GHz 206.0 ± 950.1 1165.9 ± 758.2 M * using M BH = 10 8 M ⊙ and redshift evolution 52.1 ± 2.6 48.7 ± 2.1 M * using M BH = 10 9 M ⊙ and redshift evolution 124.2 ± 4.6 113.9 ± 3.6 M * using M BH = 10 10 M ⊙ and redshift evolution 293.9 ± 7.3 269.9 ± 5.8 M * using M BH = 10 8 M ⊙ and no redshift evolution 85.5 ± 4.2 78.9 ± 3.4 M * using M BH = 10 9 M ⊙ and no redshift evolution 203.8 ± 7.5 184.5 ± 6.0 M * using M BH = 10 10 M ⊙ and no redshift evolution 477.2 ± 12.5 437.1 ± 10.0 Figure 13 . Distributions in the SFR for the quasars, as derived from either the radio luminosity (black histograms) or an estimate of the stellar mass. The latter is calculated using a combination of assumed black-hole mass -10 8 M ⊙ (blue histograms), 10 9 M ⊙ (purple histograms) or 10 10 M ⊙ (red histograms) -and evolution (left) or no evolution (right) in the M BH -M * relation. These hatched histograms have been scaled by a factor of 0.2 to ease comparison with the SFR(L 1.4 GHz ) distribution. Note that two quasars, brightest in radio luminosity, lie beyond the range of these plots.
the quasars with spectroscopic redshifts.
(3) Using a probabilistic method to bin the Gold quasars by redshift, and separately by absolute i-band magnitude, two-sample Kolmogorov-Smirnov (KS) tests were performed to compare the radio flux-density distribution of the quasars with that of random positions. The results show that there is an excess of radio emission, at the ≫99.99% confidence level, for quasars belonging to each of the redshift and luminosity bins. We also find a trend across the Mi bins, with higher radio luminosity correlating with increased optical luminosity. This provides indirect evidence for a relation between the accretion process and the source of the radio emission.
(4) By comparing the radio flux-density distribution for the Gold quasars with that for control galaxies matched in redshift and stellar mass, we find that the quasars have excess radio flux when assuming the most reasonable values of black-hole mass (∼ 10 8 M⊙), independent of whether we adopt an evolution in the black-hole mass -stellar mass relation. Star formation could explain the radio emission for quasars with the most massive (∼ 10 9 M⊙) black holes. However, this is only if we assume that there is no evolution in the MBH-M * relation. This indicates that accretion is the primary origin of the quasars' total radio emission.
(5) The contribution to radio source counts from quasars cannot be described by a power-law alone, due to a 'bump' appearing below 1 mJy. We find that a power-law plus Gaussian model for the source count distribution reproduces the behaviour over the range −4.8 < log S1.4 GHz < −2.5. We also find that such a source count distribution is in good agreement with the source count model for unobscured Figure 14 . The SFR calculated from an estimate of the stellar mass, derived for different black-hole masses (see legend), against the SFR calculated from the extracted radio flux density at 1.4 GHz. The stellar masses used are calculated with (left) and without (right) evolution in the M BH -M * relation. The simulated quasars (derived from the photometric-redshift probability distributions) are represented by blue, purple and red contours (interval = 50), for assumed black-hole masses of 10 8 M ⊙ , 10 9 M ⊙ and 10 10 M ⊙ , respectively. The dashed line indicates the one-to-one relation, if star formation (consistent with the SF-mass sequence) accounts for all of the radio emission. Quasars that have a measured negative radio flux are not shown, however they do contribute to the median and mean SFRs (white diamonds and squares, respectively -see Table 5 ).
RQQs, as simulated by Wilman et al. (2008) . The appearance of this feature is consistent with previous work in the literature (e.g. Kimball et al. 2011; Condon et al. 2013 ). These authors suggest that a star-forming population is beginning to dominate over the AGN population at low radio luminosities. We make two independent calculations of SFR, one based on the expected stellar mass of the quasar's host galaxy, and the other using the radio luminosity. A comparison of the two indicates that the AGN in these RQQs are making the dominant contribution to the total radio emission. Although we cannot rule out the possibility that the host galaxies are undergoing starburst activity, we note that studies using far-infrared data from Herschel appear to rule out such prodigious star formation in quasar hosts.
Over the next decade studies of the radio properties of radio-quiet AGN will move from the statistical work such as described in this paper, to direct detections with the new generation of radio telescopes. For example, the MeerKAT-MIGHTEE continuum survey (Jarvis 2012) will survey 35 deg 2 to 1 µJy rms, and ASKAP-EMU (Norris et al. 2011 ) will image the whole sky to 10 µJy rms, thus providing direct measurements of the contribution of radio-quiet quasars to the total radio source counts.
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APPENDIX B: MORPHOLOGY CLASSIFICATION
The parameter K CLASS STAR, an output of SExtractor, is used as an indication of how point-like an object appears. To test the use of K CLASS STAR > 0.9 as a criterion for selecting quasars (Section 3.1), simulations of AGNplus-host-galaxies are created using the parameters detailed in Table B1 . (Also note that a Sérsic index of 4 is used for simulating the hosts.) The results presented in Table B2 indicate the level of completeness, for different ratios of AGN flux (fAGN) to total flux (f total ), when this morphological cut is made. To clarify, f total = fAGN + f galaxy .
APPENDIX C: COLOUR SELECTION OF QUASARS
The following straight-line equations define the 'Gold' selection region of Fig. 3 , where
To reiterate, the magnitudes used are AB. To convert to the Vega magnitude system, see Table A1 . .) The resolving power, R = λ/∆λ ≈ 600, gives a resolution of 10Å. Prominent emission lines are labelled.
APPENDIX E: DETAILS OF THE FINAL 74 QUASARS
Spread over two pages is a table presenting the optical and near-infrared photometry of the final 74 quasars, as well as their radio flux density and redshift. This paper has been typeset from a T E X/ L A T E X file prepared by the author. 
